Background: Recently, modifications of A␤ 1-42 levels in CSF and plasma associated with improvement in memory and language functions have been observed in patients with mild-moderate Alzheimer's disease (AD) treated with plasma exchange (PE) with albumin replacement. Objective: To detect structural and functional brain changes in PE-treated AD patients as part of a Phase II clinical trial. Methods: Patients received between 3 and 18 PE with albumin (Albutein ® 5%, Grifols) or sham-PE (controls) for 21 weeks (divided in one intensive and two maintenance periods) followed by 6-month follow-up. Brain perfusion assessed by SPECT scans using an automated software (NeuroGam ® ) and brain structural changes assessed by MRI were performed at weeks 0 (baseline), 21, and 44 (with additional SPECT at weeks 9 and 33). Statistical parametric mapping (voxel-based analysis, SPM) and Z-scores calculations were applied to investigate changes to baseline. Results: 42 patients were recruited (39 evaluable; 37 analyzed: 18 PE-treated; 19 controls). There was a trend toward decreasing hippocampi and total intracranial volume for both patient groups during the study (p < 0.05). After six months, PE-treated patients had less cerebral perfusion loss than controls in frontal, temporal, and parietal areas, and perfusion stabilization in Brodmann area BA38-R during the PE-treatment period (p < 0.05). SPM analysis showed stabilization or absence of progression of perfusion loss in PE-treated patients until week 21, not observed in controls. Conclusions: Mild-moderate AD patients showed decreased brain volume and impairment of brain perfusion as expected for the progression of the disease. PE-treatment with albumin replacement favored the stabilization of perfusion.
INTRODUCTION
Alzheimer's disease (AD), as a neurodegenerative process, is expressed by cognitive deterioration manifested in the form of memory loss, language alterations, visual-spatial deficits, impaired recognition capacity, and attention loss, among the most relevant neuropsychological aspects. Noncognitive symptoms or neuropsychiatric alterations often accompany AD, with depression and behavioral disorders being the most prevalent manifestations in the early stages of the disease [1] .
At present, it is only possible to evaluate progression of the disease on the basis of clinical data, cognitive function scales, and imaging and biochemical marker (i.e., surrogate markers). The diagnostic utility of different neuroimaging techniques is being explored. Computed axial tomography (CAT) is useful for detecting some causes of dementia, although it is unable to precisely distinguish between early AD and normal aging [2] . In a similar way, singlephoton emission computed tomography (SPECT) might prove useful for establishing a differential diagnosis in dementia [3, 4] . Lastly, magnetic resonance imaging (MRI) offers superior anatomical discrimination, and generates a more precise image of the affected brain areas [5] . Other technologies and ways of evaluating the images obtained are also being investigated.
Current treatment of AD is not curative but symptomatic [6, 7] . The accumulation of amyloid-␤ peptide (A␤) in the extracellular spaces of the AD brain and in the walls of the cerebral blood vessels constitutes one of the most important targets for the development of new therapies. However, pivotal clinical trials that pharmacologically targeted A␤ to improve AD function have so far failed [8] [9] [10] , thus questioning the validity of continuing such studies [11] . Interestingly, the "sink hypothesis" for peripheral A␤ clearance to induce concomitant changes in brain A␤ levels is being explored as a therapeutic strategy for AD treatment.
Matsuoka et al. reported that peripheral sequestering of plasma A␤ results in a reduction of A␤ in both the cerebrospinal fluid (CSF) and in the brain tissues [12] . Taking this approach a step further, a novel strategy that uses plasmapheresis with plasma exchange (PE) for the treatment of AD is being developed on the basis that the vast majority of A␤ circulating in blood (around 90%) is bound to albumin in a 1:1 ratio [13] . Thus, PE removes patient's plasma that would contain albumin-bound A␤, to be replaced by new A␤-free therapeutic albumin [14] to maintain normal volemia and osmotic balance [15] . Such a process of plasma A␤ sequestration may induce/accelerate the efflux of A␤ from CNS to compensate for the drop of peripheral A␤, thus redressing the CNS/plasma equilibrium [16] .
This neuroimaging study is part of a multicenter, randomized, patient-and rater-blind, controlled Phase II trial (ClinicalTrials.gov Identifier: NCT00742417; EudraCT Number: 2007-000414-36) aimed to evaluate the efficacy and safety of PE with 5% albumin in AD patients [17] . The clinical results of the trial showed that PE was able not only to mobilize A␤ in CSF and plasma, but was also associated with an improvement in memory and language function, in comparison to a control group of AD patients undergoing a simulated (sham) PE, who experienced the cognitive decline expected in AD [17] . In this part of the trial, we assessed whether changes in the neuroimaging analyses paralleled the previous findings of A␤ mobilization and cognition improvement observed in PE-treated patients.
MATERIAL AND METHODS

Objectives
This study was aimed to detect structural and functional brain modifications in PE-treated AD patients in comparison to untreated patients (controls). The first objective was to evaluate the changes in volume of the hippocampus, posterior cingulate cortex, and other associated areas based on neuroimaging studies with MRI. The second objective was to determine possible variations in brain hypoperfusion based on SPECT imaging.
Patients
Patients were recruited from 4 different centers, 2 in Spain and 2 in USA. To be eligible for participation in the trial, the patients had to meet the following requirements: males or females between 55-85 years of age, diagnosed of probable AD (NINCDS-ADRDA criterion, and a MMSE score between ≥18 and ≤26); undergoing stable treatment with acetylcholinesterase inhibitors for the previous three months; and absence of cerebrovascular disease as assessed by CAT or MRI obtained in the 12 months prior to recruitment.
Patients meeting any of the following criteria could not participate in the trial: Any contraindication or difficulty with receiving PE (e.g., difficult venous access, behavioral disorders, a history of frequent adverse reactions to blood products; hypersensitivity to albumin or allergies to any of the components of human albumin 5%); abnormal coagulation or laboratory parameters (e.g., hypocalcemia Ca ++ <8.7 mg/dL; thrombocytopenia <100,000/ L; fibrinogen <1.5 g/L; prothrombin time [Quick] p < 60% versus control; angiotensin-converting enzyme inhibitors or beta-blocker treatment and bradycardia <60/min; plasma creatinine >2 mg/dL; alanine aminotransferase >2.5 × upper limit of normal; bilirubin >2 mg/dL); uncontrolled high blood pressure and/or heart disease; participation in other clinical trials or the use of any other investigational drug in the three months prior to the start of the study; fewer than six years of education; and any condition that complicated adherence to the study protocol.
The patient and a close relative or legal representative signed the informed consent form to participate in the trial.
Study design
Two weeks from the first visit (recruitment) patients were allocated for screening and randomization (1:1 ratio to either the control group or the PE-treatment group). After these two weeks, the treatment period began which consisted of undergoing up to 18 PE (removal of approximately one plasma volume with simultaneous substitution by a similar volume of 5% human albumin) in 3 periods of 6 PE each, according to the following schedule: 1) Intensive treatment period: 3 weeks with two PE per week; 2) Maintenance treatment period I: 6 weeks with one weekly PE; 3) Maintenance treatment period II: 12 weeks with one PE every two weeks; and 4) Follow-up period without treatment of 6 months. All patients subjected to at least three PE sessions during the intensive treatment period were considered for analysis.
The control group was subjected to sham treatment (simulated PE without invasive procedures) [17] . These patients undertook the same visits schedule as the patients in the PE-treatment group.
The therapeutic albumin product for PE was Human Albumin Grifols ® / Albutein ® 5% (Grifols, Barcelona, Spain). The volume of each PE was calculated from body weight, height and hematocrit (approximately 35-45 mL/kg, corresponding to a volume of 2500-3000 mL). The doses and infusion rates of Albutein ® 5% administered to the treatment group were based on the previous study [17, 18] .
MRI was carried out at baseline (week 0), after the PE-treatment period (week 21) and after the followup period (week 44). A margin of ± 7 days was allowed in each time point. SPECT was carried out at baseline (week 0), after the Maintenance Period I (week 9) after the Maintenance Period II (week 21) and during and after the follow-up period (weeks 33 and 44).
MRI determinations
MRI study was carried out to determine possible structural changes in volume of the hippocampus, posterior cingulate region, and total intracranial volume (TIV). MRI was performed with a 1.5 Tesla magnet (GE Healthcare, Chicago IL, USA) with a real-time acquisition system (real-time functional MRI [fMRI]). LX 9.1 M4 software was used. The gradient amplitude was 40 mT/m, with a slew rate of 150 T/m/s. The MRI scans were examined by a clinical neuroradiologist who was blind to the study group and the clinical records of the patient. The neuroradiologist in turn issued a report and was held responsible for communicating any imaging anomalies to the investigating team. Once all the study MRI scans had been obtained, they were analyzed using comprehensive visual rating scale (CVRS) standards. The 3D-SPGR, imaged were: 1) reconstructed in the axial plane, aligning with a standard reference image (MNI T1 matrix); 2) tracing of the hippocampus and the posterior cingulate gyrus using standard software; and 3) analysis of the volume of the hippocampus and of the posterior cingulate region [19] . The images were processed using voxel based morphometry, in statistical parametric mapping (SPM) to determine local concentration of gray matter volumes on a voxel-by-voxel basis [20] .
SPECT determinations
The SPECT study was carried out according to the usual protocol of each center to determine possible variations in brain hypoperfusion. A gamma camera with two detectors with low-energy, high-resolution collimators and parallel orifices was used. The tracer (740-1000 MBq of 99m Tc-ECD) was administered intravenously with physiological saline in a quiet room, with the patient in the waking state and with the eyes open, but with minimal visual or acoustic stimuli. After waiting 20 minutes to two hours, 64 images were acquired (one every 3º) with a 128*128 acquisition matrix and an acquisition time of 25-30 seconds per image. The total number of counts was ≥8 million. The pixel size was 2.9 mm, with a rotation radius of 15 cm (noncircular). Reconstruction was carried out by filtered retroprojection (Butterworth) or on an iterative OSEM basis. The images were stored in DICOM format.
Five SPECT studies per patient were made and compared with a similar number of controls. A qualitative evaluation was performed by an experienced specialist who was blind to the group and the clinical records of the patient. Individual quantification was carried out on a semiautomatic basis in cortical volumes of interest (VOI), using SPM8. The study groups and the patients with themselves (baseline versus final) were compared.
Data analysis Volumetry
The hippocampus was segmented manually by a trained operator who was blind to the study group and the clinical records of the patient. Volume of the posterior cingulum was measured by morphometry based on T1-weighted MR images of gray matter. TIV was measured by morphometry and taken as the sum of the volumes of gray matter, white matter, and CSF (obtained from the segmented baseline MRI images).
Longitudinal analysis of change between the value of baseline volume (week 0) and the volume at week 21 (treatment period) and week 44 (end of follow-up), for the treatment group and the control group, was carried out by an analysis of covariance (ANCOVA). The analysis provided adjusted (leastsquares) mean and 95% confidence intervals as output and the change from baseline value at the last available measurement as dependent variable, treatment group as a factor, and the baseline value as a covariate. The volumes were examined with a mixed model for repeated measures between-group differences in values at week 21 and week 44. The dependent variable in each analysis was the change from baseline. Fixed effects were treatment, visit, and treatment-by-visit interaction.
Brain perfusion
Cerebral metabolism was assessed as the degree of brain perfusion following three approaches: Individual Analysis with NeuroGam ® software (Segami Corporation, Columbia MD, USA), Individual Analysis with VOI, and Global Analysis (patterns) with SPM8. A normal database was created with 22 healthy subjects (AD-asymptomatic) of age and sex ratio similar to those of the study patients to be used as reference (reference group) to ascertain the normal distributions of the brain taking into account variations of normality and possible differences due to sex or age of subjects.
For Individual Analysis with NeuroGam ® , the first step was to create the normal database using the reference group and Talairach space normalization along with the age range, tracer and characteristics of the person processed. Thereafter, patient images were normalized to determine the Z-scores (a minimum of two standard deviations [SD] with respect to mean were considered) for each patient compared to the normal database images with the same characteristics (tracer, age range, correction, etc.). In this way, the study of each patient was evaluated individually. Following that, the rendered image was also obtained, with the percentages representing the percent of change between the two studies. Its primary use is for individual visual monitoring of the evolution of the disease. Using these data, a visual inspection was made of the rendered images and a table was constructed to show the initial condition (baseline) for each group of patients (rounded to 5% multiples) by lobe involved and number of lobes involved.
For Individual Analysis with VOI, the scans were spatially normalized to compare one with each other and be able to use the standardized and digitalized cerebral atlases. For this purpose, the reconstructed images were re-oriented without correction for attenuation and normalized using SPM. Thereafter, the areas or regions that are known to be involved in Alzheimer's disease were selected according to reference studies [21] [22] [23] . With that purpose, the arithmetic mean (calculated in counts per pixel [cpp]) for both hemispheres was obtained for each of the following Brodmann areas: BA 7, BA 9, BA 10, BA 21, BA 22, BA 23-24, BA 37, BA 38, BA 39, BA 40, and BA 46. Longitudinal statistical analysis was carried out by ANCOVA as done in MRI. In this case, the analysis of change was performed between the value of baseline images (week 0) and the value of images at weeks 9, 21, 33, and 44.
For Global Analysis (patterns) with SPM, the images already normalized spatially in the VOI analysis were also reduced and normalized in intensity. A general design matrix was created using a full . The degree of disease in each of the groups was observed compared to the normal reference group at each week. For this analysis, appropriate contrasts were selected for comparisons and uncorrected p = 0.001 and a κ = 100 voxels were used.
RESULTS
Patients characteristics
Forty-two patients with mild to moderate AD were randomized (21 to the PE treatment group and 21 to the control group with sham PE treatment). Thirty-nine patients provided baseline and longitudinal data (evaluable population), 19 in the PE treatment group (15 women; median age: 65.0, years [Q1,Q3:60.0-76.0]; MMSE score: 22.6 ± 2.7 SD) and 20 in the control group (15 women; median age 65.5 years [Q1,Q3:58.0-78.0]; MMSE score: 20.9 ± 3.1 SD). The characteristics of the two study groups were comparable. Median exposure to treatment of the 39 evaluable patients was 155 days (range: 1-166). Two patients did not undergo at least three PE sessions during the intensive treatment period and were therefore not included in the analyzed population (37 patients: 18 in the PE treatment group and 19 in the control group). In the 22 healthy subjects of the reference group (MMSE score >27), there were 15 women and median age was 63.5 years (Q1,Q3:51.5-67.5).
Analysis of structural changes by MRI
There was a statistically significant decrease in volume over visits in both study groups for both left and right hippocampi and TIV (p < 0.05), but not for the posterior cingulum. Final results of brain volumetry are shown in Table 1 . However, no differences were found in the relationship between treatment groups and visits (treatment-by-visit effect) for any of the periods analyzed.
Individual analysis of cerebral perfusion with NeuroGam ®
Representative images of NeuroGam ® analysis in a control patient and a PE-treated patient are shown in Fig. 1 . Visual inspection of the rendered images to set the initial condition (baseline) showed that the control group included more patients with alterations in all lobes (parietal, temporal, and frontal) and more patients with at least one lobe affected (80% versus 65% of patients, respectively) than the PE-treated group. Details are shown in Table 2 .
Regarding the evolution of affected lobes from baseline (week 0) compared to the end of the study (week 44), despite some variability it could be observed that the percentage of patients showing lobe perfusion impairment was globally higher in the control group (particularly in frontal and temporal lobes). Conversely, there were more PE-treated patients globally showing lobe perfusion improvement (particularly in parietal and temporal lobes) (see Table 2 ).
Regarding the evolution of the number of lobes affected, the PE-treatment group had more patients showing 2 to 3 lobes with perfusion improvement whereas the control group had more patients showing 2 to 3 lobes with perfusion impairment (Table 2) .
Individual analysis of cerebral perfusion with volumes of interest (VOI)
Baseline perfusion values (in cpp) in controls ranged from 42.7 ± 5.3 in BA 38-L to 63.0 ± 9.8 Repeated measures analysis found out that the change from baseline values were not significant for most of the Brodmann areas studied, except for BA 38-R, BA 38-L and BA 46-R. As shown in Fig. 2 , a significant visit effect was detected in BA 38-L and BA 46-R (p = 0.0061 and p = 0.0219, respectively), associated with a change of perfusion over time regardless of treatment. Moreover, a significant treatment-by-visit effect (p = 0.0143) was detected in BA 38-R, where the control group showed a significant worsening of perfusion at all time points. By contrast, the PE-treatment group showed a stable perfusion until week 21 (treatment period), as well as a not so marked worsening during the follow up (Fig. 2) .
Global analysis of cerebral perfusion with statistical parametric mapping
In this analysis, the control group showed a greater degree of perfusion impairment at baseline in the temporal-parietal regions bilaterally, in contrast to the PE-treated group which showed only unilateral parietal involvement. Representative images are shown in Fig. 3 .
Longitudinally, the control group showed progressive decrease of perfusion in the temporal and parietal regions and extending toward the frontal region throughout the study. By contrast, the PE-treatment group showed marked stabilization or absence of progression of perfusion decrease until week 21 of the study, coinciding with the period of most intense treatment. Thereafter, decrease of perfusion resumed, extending from the temporal lobes to the frontal lobe (Fig. 3) .
DISCUSSION
This neuroimaging study was a part of the Phase II multicenter, randomized, controlled clinical trial in which mild to moderate AD patients were treated with PE with 5% human albumin replacement in comparison to a placebo control group [17] . Clinical results of the Phase II study showed that PE-treatment mobilized A␤ in both CSF and plasma, which was associated with patient improvement in memory and language functions as assessed by cognitive tests [17] . Preliminary neuroimaging data resulting from the pilot study of PE with 5% human albumin replacement [18, 21] detected differences in blood flow in the hippocampus and Brodmann areas between the PEtreated and the untreated control groups. The results of the present study, associated with the Phase II clinical trial, confirmed that PE-treated AD patients did not experience the progressive brain hypoperfusion that was observed in control patients, although such changes did not correlate with brain volumetry.
MRI is a useful diagnostic tool in diagnosing AD [5, 24] . Brain structural changes assessments of our study indicated a progressive decrease in TIV that was similar in both PE-treated and control patient groups. Lower volume in both hippocampi accounted for this change but not for posterior cingulate area. Damage of hippocampus is observed at the time of early AD clinical symptoms [25] and even before AD symptoms appear [26, 27] , while hippocampal volume change is considered a marker for AD progression [24] .
In contrast to MRI, differential results between patient groups were observed in SPECT cerebral perfusion assessments. In fact, poor correlation between SPECT and MRI measures is not unexpected [28] . The role of hypoperfusion is critical for the understanding of the pathogenesis of AD [29] [30] [31] . In our SPECT study, changes in brain perfusion were analyzed under several approaches, individually with NeuroGam ® software and through VOI, as well as globally (patterns) with SPM, using a reference group of healthy subjects to set the degree of perfusion impairment at baseline in both patient groups.
Individual Analysis with NeuroGam ® suggested an imbalance between the patient groups at baseline. Control group showed greater bilateral parietal and temporal region involvement compared to the treatment group, which showed only unilateral parietal involvement. Although NeuroGam ® software can yield false positives when analyzing the temporal lobe [32] , Global Analysis with SPM corroborated the results of the Individual Analysis, since the control group had greater severity of damage than the treatment group at baseline, particularly in the parietal and temporal regions.
Nevertheless, dissimilar baseline values should not affect the longitudinal assessments, in which baseline results were compared to the time points related to treatment and follow-up. A higher degree of CNS dysfunction at baseline in the controls would mean a lower margin for worsening. Both the NeuroGam ® and SPM analysis showed some beneficial effect of PE treatment in the form of less brain perfusion loss. Results were more variable with NeuroGam ® , which could be ascribed to the small sample size. However, that did not preclude the observation that PE-treated patients globally showed a better lobe perfusion than controls at the end of the study. In SPM analysis, the untreated group evolved with progressive hypoperfusion in both the temporal and parietal regions, extending toward the frontal region. In contrast, in the PE-treated group hypoperfusion did not progress through week 21 of the study, more markedly during the first 9 weeks, coinciding with the period of most intense treatment. Thereafter, perfusion decline resumed.
Individual analysis with VOI showed a cerebral perfusion impairment that was statistically significant in three Brodmann areas: BA38-R and -L, and BA46-R. BA 46 corresponds with the dorsolateral prefrontal cortex which plays a role in sustaining attention and working memory [33] . Interestingly, the analysis detected a treatment-by-visit effect in Brodmann area BA 38-R with a progressive perfusion impairment in the untreated group while the PE-treated group remained unchanged during the treatment period, BA 38 corresponds to the temporal pole and it is among the earliest affected by AD [34] . Moreover, BA38 is assumed to play significant role in language [35] , which would be consistent with the clinical observations of the trial where PE induced an improvement in language functions which persisted after PE was discontinued [17] . The results of this neuroimaging approach suggest that functional perfusion of the brain but not structural changes in areas such as the hippocampi volume would be associated with the A␤ mobilization and cognitive stabilization induced by PE [31, 36] . Indeed, dissociation between cortical atrophy and perfusion parameters has been described [37] .
In AD, microvascular abnormalities are probably the most important [31] , which suggest being a therapeutic target of interest. Moreover, our neuroimaging findings together with the clinical results of the same trial [17] would be in agreement not only with the correlation between blood perfusion of the brain and neuropsychological tests that have been previously described, particularly MMSE scores [38] , but also with possible interactions between A␤ levels, cerebral blood perfusion and cognition [39] . The ongoing AMBAR (Alzheimer Management by Albumin Replacement) clinical trial (NCT01561053), of which the primary objective is to evaluate cognitive and brain functional changes in AD patients treated with PE with albumin and immunoglobulin [40] , will help to shed light on these relationships.
Our study sample was 30 women and 9 men, which is statistically within the generally defined ratio of approximately two-thirds females in AD patients [41] . Apart of the relatively small sample size, possible study limitations would also include the risk of bias associated with methods entailing visual assessment of the images. In addition, not every Brodmann area related to language was analyzed, because the selection was made prior knowing the results of the cognitive tests of the clinical part of the trial. In addition, a better contrast and spatial resolution in brain perfusion could be obtained if positron emission tomography (PET) scans had been used instead of SPECT. Nevertheless, the AMBAR study performed on a larger sample will expand the brain areas analyzed, including fluorodeoxyglucose-PET procedures.
In summary, neuroimaging results of this study indicated that patients with mild to moderate AD showed the decrease of brain volume and impairment of perfusion expected for the progression of the disease. Remarkably, brain perfusion was stabilized in the patients treated with PE with albumin replacement. These findings could be related to the cognitive improvement previously shown in the PE-treated patients. Authors' disclosures available online (http://jalz.com/manuscript-disclosures/17-0693r2).
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